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1. Introduction    
When the tsunami in the Indian Ocean on 26 December 2004 hit the city of Banda Aceh on 
the island of Sumatra, Indonesia, neither the city administration nor its inhabitants, nor 
national or international organisations were prepared. Approximately 60.000 of the 260.000 
inhabitants died, leaving other 30.000 homeless and causing an enormous impact on the 
local economy.  
In the aftermath of this event tsunami early warning system were developed and are 
operated today (e. g. the German Indonesian Tsunami Early Warning System – GITEWS 
(Lauterjung, 2005)). However, the problem of earthquake or tsunami prediction in a 
deterministic sense has not been solved yet (Zschau et al, 2002). Thus, an end-to-end 
tsunami early warning system includes not only the tsunami warning, but also the 
assessment of vulnerability, perception studies, evacuation modeling, eventually leading to 
technical requirements for monitoring stations and recommendations for adaptation and 
mitigation strategies (Taubenböck et al., 2009a).  
In this study we address several specific questions on the capabilities of one discipline – 
remote sensing – for diagnosing the multi-faceted and complex vulnerability of a city:  
• Which remotely sensed data sets are appropriate analyzing vulnerability in highly 
complex urban landscapes? 
• What capabilities and limitations does urban remote sensing have regarding mapping, 
analysis and assessment of risks and vulnerability?  
• How can interdisciplinary approaches extend the applicability of earth observation?  
In general, earth observation serves as an independent and relatively cost-effective data 
source. Its distant view enables clarity – a principle especially true for remote sensing (Dech 
& Messner, 2005). The bird’s eye view provides an up-to-date and areas-wide spatial 
overview and at the same time capturing the small-scale heterogeneity of urban landscapes. 
Especially in explosively sprawling and changing urban areas of developing countries 
remote sensing often serves as the only reliable data source.  
In recent years, airborne and spaceborne remote sensing systems and image analysis 
techniques have developed to an extent where civil and commercial earth observation (EO) 
instruments can contribute significantly in supporting the management of major technical 
and natural disasters as well as humanitarian crisis situations (Voigt et al., 2007).  
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The use of various satellite data sets and remote sensing methods for post catastrophe 
damage detection was and still is topic of several studies (Eguchi, et al., 2000; Huyck et al., 
2003, Saito & Spence, 2003; Pesaresi, Gerhardinger & Haag, 2007). As example Gusella, 
Huyck & Adams (2008) used an object-oriented approach to count the number of collapsed 
buildings after the earthquake in Bam, Iran.  
An operational service at DLR's German Remote Sensing Data Center (DFD), the "Center for 
Satellite Based Crisis Information" (ZKI) supports decision-makers and relief organisations. 
Its function is the rapid acquisition, processing and analysis of satellite data and the 
provision of satellite-based information products during and after natural and 
environmental disasters, for humanitarian relief activities, as well as in the context of civil 
security (www.zki.dlr.de).  
In recent years, the research also focused on assessing vulnerability and risk of systems 
before an expected event aiming at the development of strategies of preparedness 
(Schneiderbauer, 2007). Earth observation data are widely used for mapping or up-dating 
building inventory data (Miura & Midorikawa, 2006; Sarabandi et al, 2008) as input for 
multi-criteria GIS-based vulnerability studies (Rashed & Weeks, 2003).  
The work presented here is embedded in the Numerical Last Mile Tsunami Early Warning 
and Evacuation Information System (Last-Mile) project (Birkmann et al., 2008a; www.last-
mile-evacuation.de). The city of Padang, Indonesia, has been indicated as one of the most 
plausible localities for a tsunami of disastrous proportions in the near future (Borrero et al., 
2006; McCloskey et al., 2010). Off the coast of Padang, the Sunda Arc marks an active 
convergent plate boundary. Thus, the city is located in a zone of extreme high probability to 
severe earthquakes and potential triggered tsunamis. According to the catalogue prepared 
for tsunamis in the Indian Ocean, which includes about ninety tsunamis, 80% of the 
tsunamis are from Sunda arc region, where on an average, tsunamis are generated once in 
three years (Rastogi and Jaiswal, 2006). Padang is the capital city of the Sumatera Barat 
province in West Sumatra, and with almost one million inhabitants the third largest city on 
the island of Sumatra, Indonesia.  
The complex and dynamic urban system of Padang features a high concentration of 
population, infrastructure and economic values. Padang features supra-regional relevance 
with an international airport, a port as well as binding to the rail network. Thus, the city 
possesses a central economical role for the coastal region and the mountainous back-
country. It is located directly on the coast and partially sited beneath the mean sea level.  
2. Vulnerability – a conceptual framework  
Vulnerability is a term of such broad use as to be almost useless for careful description at the 
present, except as a rhetorical indicator of areas of greatest concern (Timmermann, 1981). A 
review of the literature indicates a number of contrasting definitions of what vulnerability 
means, as well as numerous conflicting perspectives on what should or should not be 
included within the broad assessment of vulnerability in cities. Definitions and concepts on 
‘vulnerability’ evolve from different schools and disciplines – e. g. social scienes (Bohle, 
2001; Cannon et al., 2003), business sciences (Briguglio, 2003), natural sciences (Correll et al., 
2001), climatology (IPCC, 2001), engineering (Correira et al, 1987) or disaster management 
(Blaikie et al, 1994). The various disciplines and perspectives on vulnerability show the 
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multidimensionality of the concept. Holistic concepts try to incorporate its 
multidimensionality (Bogardi & Birkmann 2004; Füssel, 2005; Taubenböck et al, 2008).  For 
this paper, we adapt the definition of the UN: Subject to the considered period of time, the 
geographic location (system) and a scale-dependent reference system, vulnerability is the 
condition determined by physical, social, economic and environmental factors or processes, 
which increase the susceptibility of a community to the impact of hazards (UN/ISDR, 2004).  
Vulnerability is also part within the higher-ranking risk concept. The UN (2004) determined 
that the risk to a particular system has two factors. One factor is the “hazard” itself, which is 
a potentially damaging physical event, phenomenon, or human activity that is characterized 
by its location, intensity, frequency, and probability. The second factor is “vulnerability,” 
which denotes the relationship between the severity of hazard and the degree of damage 
caused. Thus, risk results from a future interplay of a hazard and the various components 
defining vulnerability. The effect of a natural hazard on the objects or people of a particular 
area exemplify the complex interrelationships and emerging domino effects. 
However, we are still dealing with a paradox: we aim to measure vulnerability, yet we 
cannot define it precisely (Birkmann, 2006). The various approaches, concepts and 
definitions are on an abstract level and objectively quantification or measurement thus is a 
complex task. Indicator systems are usually used to resolve the abstract term ‘vulnerability’ 
into measurable parameter (Bollin & Hidajat, 2006).  
Components specifying vulnerability include the physical, demographic, social, economic, 
ecological and political aspects contributing and adding up to the holistic conceptual idea 
(Table 1). This conceptual idea adapted for this study uses a meta-framework applicable to 
various systems (e.g., urban areas), various elements or attributes within a system 
(buildings, people, environmental services, etc.), various scales (local, regional, national, 
global), and various hazards (earthquake, tsunami, landslides, climate change, etc.). In 
general the various components described above suggest the complexity of dynamic 
interactions and interdependencies evolving in a system in case of a disastrous event. This 
highlights the need for multidisciplinary scientific approaches to converge on the problem 
of holistic identification of vulnerability (Taubenböck et al., 2008). 
To converge on the problem of assessing the complexity of risk and vulnerability, the rather 
abstract components of this meta-framework need further partitioning. Specifications are 
dependent on the considered system and the type of hazard. In our case, indicators are 
developed for the example of an “urban system prone to a tsunami hazard”. A consistent 
systematization itemizes the components into a set of measurable indicators contributing to 
all the various stages of the risk management cycle. As example, higher-ranking physical 
vulnerability is hard to determine, but one of many indicators such as number of affected 
buildings, enables quantification of the situation. An indicator is defined as a variable, 
which is a representation of an attribute, such as quality and/or characteristics of a system 
(Gallopin, 1997). The quality of the indicator is determined by its ability to indicate the 
characteristics of a system which are relevant to the underlying interest determined by the 
goal or guiding vision (Birkmann, 2006b). The result is an arbitrary number of measurable 
indicators contributing aspects to the associated component and to the ranking in the 
holistic conceptual framework (Table 1). 
The overall conceptual framework serves as the basic outline to identify capabilities and 
limitations of remote sensing data and methods to contribute to the holistic concept. 
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Table 1. A hierarchical holistic framework conceptualizing hazards, vulnerability and risk to 
derive a selection of measurable indicators for a specified system (adapted from Taubenböck 
et al., 2008) 
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3. Diagnosis of a city’s vulnerability to tsunami hazards using earth 
observation  
3.1 Remotely sensed data sets   
With respect to the holistic idea of vulnerability and risk concepts the question arises why 
remotely sensed data sets should be used addressing this topic? In general, because remote 
sensing provides spatially consistent data sets that cover large areas with both high spatial 
resolution and high temporal frequency. In particular in developing countries where geo-
information is rarely available earth observation is often the only up-to-date, area-wide and 
independent data source and thus indispensable.   
However, the capabilities of various sensors reach far beyond the obvious benefits available 
at popular platforms like Google Earth or Bing. They provide reflective responses all along 
the electromagnetic spectrum which enables detection of objects or patterns of the earth’s 
surface and their condition. Remote sensing platforms and sensors cover many spatio-
temporal dimensions, with a flexible repetition rate and in various scales ranging from 
spatially detailed analysis on single buildings or building block level to global studies on 
continental scales for various urban applications (Taubenböck & Dech, 2010):  
Very high resolution multispectral optical satellite data from i. e. GeoEye I, WorldView I & 
II, Ikonos (cp. Fig. 3), Quickbird, CARTOSAT, SPOT or RapidEye feature a geometric 
resolution ranging from 41 cm to 5 m, which is feasible for the small-scale objects typical in 
urban environments. A highly detailed spectral coverage of the electromagnetic spectrum 
by hyperspectral sensors like the airborne sensors HyMap, AVIRIS (or in the near future the 
German satellite EnMAP) enable derivation of surface materials or land surface temperature 
in high geometric resolution from 2m – 30m. Laser Altimeter (LIDAR) is also an optical 
remote sensing technology for highly detailed profiles of 3D elevations of the earth’s 
surface; stereo images can also be used for that purpose. In terms of temporal analysis, 
optical sensors such as Landsat (since 1972), SPOT (1986), or IRS (1988) enable monitoring 
and detection of changes with reduced spatial resolution.  
In addition to optical systems, SAR antennas operate almost independently of meteorological 
conditions and solar illumination. Thus, they are especially in often cloudy areas of high 
importance. There are, at present several SAR sensors in space as well as data from past 
missions offering a broad and global observation of the planet (e.g., ERS-2, RadarSat, Envisat, 
TerraSAR-X, and the space shuttle) in different frequencies, polarizations, and geometric 
resolutions. In addition, interferometric digital elevation model (DEM) can be derived, such as 
the X- and C-band data from the Shuttle Radar Topography Mission (SRTM) are used to 
analyze the terrain situation. It is a surface model with a pixel-spacing of 25 meters, and thus 
enables a rather coarse overview. Future missions, like TanDEM-X will provide a higher 
geometric detail of up to 12 meters. Even aerial acquisitions are possible due to the full-time 
imaging potential of radar. Furthermore, new radar satellites such as TerraSAR-X, 
CosmoSkyMed, and Advanced Land Observing Satellite (ALOS) enable the extraction and 
analysis of urban structures based on geometric resolutions up to 1 m (Roth et al, 2005).  
Satellites from EUMETSAT enable to monitor current weather situations to include predictions 
of heavy rainfall or cyclones, etc.; however, this field of application is not part of our study. 
3.2 Mapping  
The data and images presented and described above are data not information. The strength of 
remote sensing with its synoptic overview allows independent, fast, up-to-date, area-wide 
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and relatively cost-effective transformation of data (or images) into information 
(Taubenböck & Dech, 2010). Making use of a vast amount of methodologies – e.g. statistical-, 
neural-, fuzzy classifiers – for automatic information extraction for particular data sets 
(Mather, 2004) this transformation leads to application-driven products. As example, we 
used an object-oriented, multi-level, hierarchical classification approach (Taubenböck et al, 
2010) to derive the land-cover of Padang from Landsat as well as Ikonos data in combination 
with a digital surface model (DSM). Beyond the spectral information within the remotely 
sensed data, the fuzzy logic-based object-oriented approach allows to use shape, 
neighbourhood, hierarchical and context information (cp. Fig. 1).  
A pixel-based classification approach extracting urban and non-urban structures from a 
single TerraSAR–X image has also been applied (Esch et al., 2010). The urban footprint is 
extracted by analysing the speckle characteristics of a TerraSAR-X scene based on an 
estimation of the local coefficient of variation and the fading texture of the whole scene. The 
basic concept is to extract reliable urban features as seed points, which are represented by 
bright point scatterers (corner reflectors) for the urban footprint classification. The ‘urban 
seeds’ depict especially the reflection information of vertical structures. Urban seeds are 
extracted from intensity and texture, derived from a two-tiered speckle divergence 
calculation with a 9x9 and a 35x35 window. To derive the urban footprint, analysis 
techniques are used to densify and generalize the detected urban seeds (Esch et al., 2010). 
For multi-temporal urban growth analysis the urban footprint classifications from Landsat 
of the years 1989 and 2000 and from TerraSAR-X of 2010 were combined. Post-classification 
comparison was found to be the most accurate procedure and had the advantage of 
indicating the nature of the changes (Mas, 1999). 
Fig. 1 shows various results: Multi-temporal urban change detection of a multi-sensoral 
approach using Landsat and TerraSAR-X data of the coastal urban area of Padang (Fig 1a). 
The result allows detecting, quantifying and localizing spatial urbanization over time on 
urban footprint level. The result displays extensive urban sprawl as well as re-densification 
in the urban center in Padang over the last two decades. The geo-spatial product allows a 
first assessment of areas of high vulnerability due to natural hazards.  
For mapping the complexity of the urban environment, multi-sensoral data processing of 
high resolution optical satellite data in combination with a high resolution airborne digital 
surface model allows the derivation of a 3D city model (Fig. 1d). The results are eight classes 
mapping the urban morphology—houses, streets, sealed areas, grassland, trees, wetland, 
bare soil, and water. This is e.g. relevant for identification and quantification of the building 
stock, built-up density, floor-space index, building heights, vegetation fraction, 
infrastructure, or undeveloped areas (Fig 1b & c). In terms of vulnerability an inventory of 
the urban morphology is an essential information basis for urban planning and risk 
reduction strategies.  
3.3 Analysis  
Beyond the capabilities of mapping the city remotely sensed data sets and results can be 
used for analyzing the urban structure as well as the natural conditions in and around the 
urban landscape in the context of hazards and vulnerability.  
Regarding hazards, e. g. the inclination of the slope is computed using a digital elevation 
model (SRTM) with a tangent equation taking neighbouring pixel height values into 
account. The result projects the spatial distribution of the steepness of slopes, which serve as  
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Fig. 1. Classification of multi-sensoral remotely sensed data a) Change detection from 1989 
until 2010 on urban footprint level b) Land cover classification on high geometric resolution 
and built-up density derivation on block level c) Detail of the land-cover classification d) 3-
D city model and integration of land use 
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one component to identify areas at categorical risk for landslides as secondary threat of an 
earthquake. Of course, steepness is not solely decisive for the occurrence of landslides, but it 
does provide a spatial containment to possible areas. Figure 2a displays critical slopes with 
an inclination of 10 degrease and higher along the coastal area of Padang.  
The height information in combination with the orientation of the slopes calculated from the 
DEM is also used to approximately assess affected areas in case a tsunami wave hits the 
urban coastline. The calculation is based on the coastline extracted from a land cover 
classification from Ikonos data (cp. Fig 1b). The DEM allows a coarse identification of areas 
prone to a potential tsunami wave. Figure 2a indicates areas lower than 4 meter above sea 
level and thus of highest spatial exposure.  
 
 
Fig. 2. Physical parameters – Structural types  
Risk and vulnerability is an inherently spatial problem. Cities contain physically different 
urban structures. Subdividing the complex urban landscape into homogeneous units aims at 
deriving meaningful entities for vulnerability assessment. Therefore the land-cover 
classification (cp. Fig. 1b) and the physical parameters, such as built-up density, location, 
alignment or heights, are used for a semantic classification of urban structure types. As 
example, the building density is displayed in figure 1b for a part of the city of Padang. The 
idea of semantic classification aims at a first assumed evaluation of vulnerability between 
physically homogeneous sectors within the city’s landscape.  
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The approach for semantic classification is generic, aiming at transferability on any urban 
area throughout the world with similar physical parameters available. Therefore, we used 
descriptive statistic values as Quartile (Q1, Q3), Median (Med) or Mean (M) to subdivide the 
different classes. The six resulting semantic classes are defined by the following statistical 
borders. An example, we classify ‘informal settlements’ using built-up density values higher 
than the third quartile (Q3) of the complete spectrum of the built-up density values 
classified in Padang. Analogous, the buildings of informal settlements are assumed to be 
smaller than Q3 and lower than Q1 of the particular spectrum of values classified for the city 
of Padang. Utilizing these statistical parameters the classification is not affected by cultural 
or regional characteristics of urban morphology occurring worldwide. With respect to this 
methodology, only the semantic nomenclature has to be adjusted on the particular 
structures and locations.  
Figure 2b displays six different urban structure types- ‘informal settlements (slums)’, 
‘suburbs’, ‘low class areas’ (LC), ‘middle class areas’ (MC) and ‘high class areas’ (HC). As an 
example, slum areas are defined by the highest built-up density measured within the urban 
environment with mostly one storey buildings, with the smallest buildings sizes. With the 
nomenclature ‘slum’ the classification by solely physical parameters sets a first hint at 
building quality and thus, stability and also in the direction of assumed socioeconomic 
relevance.  
3.4 Assessment   
The city, seen as a human product, is the physical and architectonic reflection of the society 
that created it (Gonzalez & Medina, 2004). Thus, the data and products indirectly contain 
additional information. The products presented above refer to land cover, which is defined 
as the physical material on the surface, while land use refers to the human activity that takes 
place on, or makes use of that land. The fundamental problem for remote sensing is that 
while there is often a relatively simple and direct relationship between land cover type and 
detected spectral reflectance, the same is seldom true for land use. Nevertheless, physical 
parameters like building sizes and heights, roof types, etc. often indirectly correlate to the 
usage of the buildings.  
As figure 3 visualizes the buildings classified as industry or university clearly differ in 
alignment, size and shape from buildings classified as residential areas. Thus, the physical 
parameters of the urban morphology can be used for systematic detection of probable non-
residential areas. The type of usage, like in this case industry or university needs to be 
integrated from external knowledge, like e. g. field surveys or data bases from the city.  
Furthermore it is obvious, that the knowledge on this physical and semantic information on 
urban morphology (building size, height, occupancy, location, semantic class) allows 
indirect conclusions about the population distribution, even on its spatiotemporal shift 
within the course of a day.  
On the basis of the punctual information of population data (1000 households) collected 
through fieldwork (UNU-EHS, 2008) the mathematical concept is based on a bottom-up 
extrapolation. For the different semantic classes the particular punctual information is 
averaged to get a characteristic number of inhabitants per m² per semantic class. The results 
for the residential areas are listed in table 2. In addition, the survey included other 
occupancies, like industry, offices or markets. These results are displayed in table 3. With 
these external data sets the extrapolation is calculated with respect to semantic classes and 
the knowledge of living spaces per individual house in the particular areas. 
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Fig. 3. Structural differences between various occupancies of buildings visualized in Ikonos 
imagery and in the classification result 
 
Semantic Classes Living space per inhabitant (Li) 
 day night 
class 1: “SLUM” 49.2 m²/p 26.1 m²/p 
class 2: “LC” 93.3 m²/p 47.5 m²/p 
class 3: “MC” 133 m²/p 54.5 m²/p 
class 4: “SUBURB” 48.2 m²/p 31.5 m²/p 
class 5: ”HC” - - 
class 6: “residuals” 58 m²/p 41 m²/p 
Without semantic classes  93.3 m²/p 47.0 m²/p 
Table 2. Mean living space for various semantic classes of residential areas 
Figure 4 shows a bottom-up distribution of punctual population data for the entire city of 
Padang. Figure 4a displays population at the morning per building – e. g. localizing high 
population density in market areas, schools, etc.. Figure 4b shows the population flux 
between day- and night-time and reveals a spatial shift of vulnerability, e. g. the highly 
prone market areas at day-time are almost empty and thus less vulnerable at night-time. 
Beyond the indirect assessment of time-dependent population assessment the semantic 
classification already hints at socio-economic parameters of the people residing in these 
areas. As an example, densely populated areas generally correlate to high poverty and low 
quality housing, economic and social components of vulnerability. 
A study proved that also a correlation between physical urban morphology and 
socioeconomic parameters of the people is basically given (Taubenböck et al., 2009b). The 
sample parameters “income per month” and “value of property” were related to the various 
semantic classes. The results confirm the hypothesis that the physically classified “informal 
settlements” and “suburbs” represent lowest income and property values. With slight 
variations – a linear correlation can not be detected in such a complex environment – a 
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consistent rising of income levels is revealed to “low, middle and high class” areas. Thus, 
remote sensing may provide a cost-effective method to reduce, but not replace extensive 
ground data collection and provide spatial value-adding via interdisciplinary cooperation.  
  
Semantic Classes Working spaces per inhabitant (Li) 
 day night 
office, bank, and other commercial usage 20 m²/p 1000 m²/p 
shopping mall, market 10 m²/p 100 m²/p 
industrial facilities 10 m²/p 30 m²/p 
harbour, railway station, sports facility 20 m²/p 100 m²/p 
mosque  - 1000 m²/p 
school, university 10 m²/p 1000 m²/p 
Table 3. Mean space for various semantic classes of commercially used areas 
Besides interdisciplinary contributing to the demographic, social or economic sphere of the 
vulnerability framework, physical stability analysis of the structures is an essential step to 
identify physical vulnerability. In fast changing, complex and small-scale urban 
environments the identification and localization of vulnerable as well as stable structures is 
therefore the basic element to implement mitigation strategies and to reduce vulnerability. 
With almost 100.000 buildings within the study area (cp. Figure 1 & 2) surveying of the 
complete building stock is out of reach for time and cost reasons.  
An interdisciplinary analysis of civil engineering and remote sensing aims at overcoming 
this problem: On the one hand civil engineering allows a highly detailed stability analysis of 
individual buildings by an extensive house by house inspection. For Padang, 500 buildings 
have been surveyed gathering data on their physical characteristics like e. g. height, 
material, existence of columns, foundation of main structures, existence of stirrup or/and 
main beam or damage due to previous earthquakes. In combination with physical tests, like 
the hammer test on supporting pillars, the stability of the structures was assessed 
individually. An additive approach was applied for the various physical parameters and a 
normalized vulnerability (stability) index calculated (100 = stable structure; 0 instable 
structure). The sample selection of the surveyed buildings aimed at a complete coverage of 
differing housing types –from small, low height shacks to large, high-rise building types, 
equally distributed within the entire city area of Padang. 500 buildings out of almost 100.000 
are comparably few. The challenge consists of a value-adding combination of civil 
engineering and remote sensing.  
The capabilities of remote sensing are area-wide, up-to-date, and quantitative derivation of 
physical characteristics of the complete building stock. On the other hand the capabilities of 
remote sensing allow area-wide, up-to-date, and quantitative derivation of physical 
characteristics of the complete building stock, with comparatively to in-situ surveys limited 
knowledge on structural parameters. Structural parameters from remote sensing are limited 
to roof colour and type, height and size. The high variability of roof colours does not enable 
any correlation to the stability of the structures. Thus, we plotted the stability of the 
surveyed buildings to their size combined with height (volume of the structure) against each 
other (Fig. 5). 
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Fig. 4. Population distribution in dependence of daytime, population flux and assessment of 
buildings suitable for vertical evacuation 
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Fig. 5. Correlation of building volumes derived from remote sensing with the vulnerability 
analysis of the particular buildings from a civil engineering survey 
The result does not show an obvious correlation, but reveals that buildings with a higher 
stability (vulnerability value) predominantly show a higher building volume. In our case we 
identified an 85.71 % probability for a stable structure for buildings with a volume higher 
than 3500 m³. The extrapolation on the complete building stock using the 3-D city model 
identified 183 buildings with a high probability to be appropriate for vertical evacuation. 
The interdisciplinary analysis thus allows reducing the amount of buildings to be surveyed 
for a final official designation as vertical evacuation shelter from 100.000 to 183, which is 
feasible for surveys. 
3.5 Accuracy assessment    
The synoptic overview of remote sensing products in the previous chapters show area-wide 
and spatially highly detailed information extraction, but the accuracy of cadastral data sets 
is not achieved.  
On urban footprint level, the large amount of mixed spectral information in such a coarse 
ground resolution – caused by multiple land covers within the lowest granularity of one 
pixel – the accuracy is limited. But for the requirement of mapping the large city footprint, 
its spatial dimension and the spatial developments over the years, the Landsat and 
TerrSAR-X images provide enough information for an assessment of urban change (cp. Fig 
1). The accuracy of every classification result was assessed with 250 randomly distributed 
pixels. Due to missing ground truth data at historic times, the accuracy was assessed 
visually by comparing classification results to the Landsat data. Thus, this assessment of 
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accuracies already includes uncertainties. Even so, the high overall accuracies range from 
86% to 93% correctly classified pixels. For TerraSAR-X data a comparison with the high 
resolution settlement mask revealed an accuracy of the urban footprint classification in 2010 
of 79.2 % (Taubenböck et al, 2011).  
On highest resolution the implemented automatic object-oriented, hierarchical classification 
methodology showed an accuracy of 84.2% correctly detected houses. Manual revision 
enabled to raise the accuracy to 97%. The remaining land cover classes of bare soil, 
grassland, forest, sealed areas, streets, water range between 80% and 95% accuracy. 
Consequently, the inferred products of the land cover classification for analysis of the urban 
landscape or the surface (e. g. building density, vegetation fraction, etc.) inherit the errors 
from the classification results. The accuracy of the land use classification has been tested 
with field observations. As the algorithm applies residential usage by default and changes 
the occupancy only if the described structural components apply, accuracy assessment has 
been carried out for non-residential buildings. The result reveals that the indirect derivation 
of non-residential occupancies is with 92.4 % correctly identified structured highly accurate. 
But, remote sensing shows clearly limitations regarding the amount of not detected non-
residential areas, due to e. g. business, office or working activities in buildings structurally 
similar to residential neighbourhoods. Thus, the producer’s accuracy is with 47.4 % 
comparatively low.    
The accuracy for the indirect assessment of population distribution, the population flux or 
the building stability from remotely sensed products has been assessed as well. For the 
population distribution, accuracy assessment was performed by means of 500 remaining 
buildings from a field survey not used for the calibration of the extrapolation algorithm. The 
assessment shows the compliance of field work results from the questionnaire with the 
calculated population per house based on the extrapolation algorithm. Table 5 presents a 
comparison between extrapolation results: In one section is the accuracy achieved by 
extrapolation using spatial specification by semantic classes as listed. This shows the 
accuracy of the remaining field survey data for a specific semantic class with the 
extrapolated data. In the other section, the extrapolation based on the mean value of living 
space per person for all surveyed residentially used buildings is presented as comparison.  
The extrapolation using spatial structuring of the complex urban environment results in 
significant higher accuracies than averaging the entire city.  
 
Classes Semantic classes STD Mean value STD 
class 1 – SLUM 94.21 % 1.91 63.08 % 2.43 
class 2 – LMC 89.48 % 3.32 73.11 % 3.95 
class 3 – MC 83.82 % 6.79 80.03 % 6.13 
class 4 – SUBURB 87.56 % 7.82 79.56 % 9.12 
class 5 – HMC - - - - 
class 6 – residuals 74.27 % 9.41 68.09 % 10.24 
Complete (AOI)  86.73 % 5.71 - - 
Without spatial 
differentiation (AOI) 
- - 72.12 % 9.34 
Table 5. Accuracy assessment of the extrapolation algorithm and comparison of the 
approach utilizing semantic classes and the approach utilizing a mean value  
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For the building stability assessment a probability of 85.71% has been calculated that the 
extrapolation applies to stable shelters for vertical evacuation. However, this accuracy 
assessment should not lead to a definite designation of the identified potential buildings as 
vertical shelters, but as a containment of possibilities.  
4. The earthquake in Padang on the 30th September 2009  
On September 30, 2009, a severe earthquake took place in the Indian Ocean with a 
magnitude of 7.6 and several aftershocks. The epicentre was registered about 50 km north-
eastern of Padang in a depth of 85 km. Heavy shocks caused the collapse of many buildings 
and bridges, fires broke out and major parts of the technical infrastructure failed. More than 
770 people died, more than 2100 are injured (information of October 2, 2009). A second 
earthquake with a magnitude of 6.6 occurred hours later on October 1 near the town of 
Sungai Penuh. In the capital city of Padang, 383 people were killed, public services such as 
electricity and water were disrupted, and major markets and transport routes were 
destroyed or badly damaged (Mercy Corps, 2010).  
Here as well, hundreds of houses were damaged, two people died and a large number 
became injured or homeless. Strong rain make rescue work difficult and caused landslides 
in some areas of the affected region. The International Charter on Space and Major Disasters 
was triggered to provide post-disaster satellite imagery for damage mapping and to support 
the aid response (www.zki.dlr.de). 
The rapid mapping activities of ZKI of the DLR were substantially supported with the 
manifold available data sets from the pre-disaster phase. While usually damages are 
mapped using post-disaster data on a raster basis of 250 meters, the preparation within the 
Last-Mile consortium enabled to now deliver fast and reliable information on individual 
building level. The combination of the 3-D city model, the population distribution, the street 
network, the knowledge on safe areas, etc. with post-disaster remote sensing data, allowed 
within a few hours and days to provide a fast and more detailed spatial and quantitative 
information for rescue teams than ever before in the history of remote sensing. Figure 6 
shows an overview on partly or completely damaged structures after the earthquake on 30th 
of September 2009 using post-disaster satellite data. Additionally the location of critical 
infrastructures such as hospitals or schools is displayed.  
5. Interdisciplinary outreach within the conceptual framework  
The holistic idea of the risk and vulnerability framework (cp. Table 1) reveals that earth 
observation data and methods are especially appropriate analyzing spatial exposure due to 
natural hazards as well as physical vulnerability indicators. In the assessment part indirect 
correlations with external data sets from social sciences or civil engineering revealed the 
capability of interdisciplinary approaches to overcome the limitations of one single discipline.  
The combination of geo-spatial information products from remote sensing in combination 
with data, methods and results of inundation modelling allows high precision risk 
identification, localization and evaluation (Goseberg & Schlurmann, 2009). The combination of 
the physical urban morphology with socio-economic parameters allows statements on socio-
economic patterns, and thus susceptible areas (Setiadi et al., 2010). The time-dependent 
knowledge on population distribution is a vulnerability indicator itself, but can additionally 
serve in combination with the knowledge on the street network and the width of streets, etc. to 
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Fig. 6. Rapid mapping post-disaster analysis using pre- and post disaster satellite data and 
geo-spatial products (www.zki.dlr.de)    
model evacuation scenarios (Borrero et al., 2006; Lämmel, Grether & Nagel, 2010). The 
combination of area-wide and up-to-date available physical parameters of the building stock 
derived from remote sensing in combination with civil engineering (Leone et al. 2007; 
Münich et al., 2006) can also support the latter approach with the actual distribution of 
vertical shelters. 
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The multidimensional information on physical, demographic, social or economic parameters 
in combination with land surface information like elevation, slopes, location, etc. can 
support urban growth modelling substantially (Cheng & Masser, 2003; Hill & Lindner, 
2010). The anticipation of urban dynamics serves as a valuable planning tool for sustainable 
development, due to its capability to base informed decisions on various scenarios. 
For sustainable urban planning the variety of geo-spatial results need a standardized format 
to be integrated in an easy to handle geo-information-system (Wahl, Schnabel & Klein, 
2008). Thus, the results can be visualized and used for quantitative analysis for specific 
problems. The higher-ranking goal is supporting the process of urban planning with the 
provision of objective, quantitative and area-wide data for more informed decisions.  
6. Conclusion and outlook  
The study has demonstrated that earth observation data, methods and products can 
significantly support identification, localization and evaluation of vulnerability and risks in 
cities. The main findings and results address the three questions we defined earlier in the 
introduction.  
In general, remote sensing enables an independent, up-to-date, geometrically and 
thematically highly resolved analysis of the physical urban environment as well as the 
assessment of indirect parameters like e.g. the population distribution. High resolution 
sensors are especially valuable due to the small-scale heterogeneous structure typical for 
urban environments. Furthermore, interdisciplinary analysis allows value-adding such as 
the assessment of building stability with methods of civil engineering.  
The conceptual framework shows the multi-disciplinarity and multi-dimensionality of 
vulnerability and risk. Remote sensing can only contribute bits and pieces to the holistic 
concept being one essential scientific discipline especially strong in the derivation of 
physical vulnerability indicators. Indirect correlation methods in interdisciplinary 
approaches allow contributions to demographic, social or economic vulnerability 
parameters. Thus, we need to overcome the problem of marginal or isolated questions 
failing to integrate them on higher-ranking goals without collaborating with other research 
disciplines.  
Furthermore the spatial exposure on various hazards, in our case, the assessment of 
potential inundation areas of a tsunami or landslide prone areas can be assessed using earth 
observation data. .  
These vulnerability studies and the geo-spatial products are of essential importance in an 
actual disaster case. The rapid mapping products were delivered within hours and days 
after the earthquake in Padang in 2009 with a never before seen thematic and geometrical 
resolution, due to their availability beforehand. Thus, rapid crisis intervention and 
knowledge generation needs this preparedness for the highly detailed statements.     
Earth observation data and methods deliver objective and quantitative geo-spatial results or 
products with accuracies mostly above 80 % and sometimes even higher. Thus, remote 
sensing has the capability to provide an objective basis for informed decisions needed for 
sustainable urban planning or the development of risk mitigation strategies. But these earth 
observation products are not yet established in the decision-making process, acceptance 
needs to be found by users, politicians and a legal foundation needs to be found for juristic 
acceptance.  
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Within a different study of Mery Corps (2010) after the earthquake in Padang in 2009, 
perhaps the most important finding of the survey is that six months after the earthquake, 
many people continue living in unsafe housing. Rebuilding rates are extremely low 
compared to the number of damaged houses. This underlines, that transforming knowledge 
into action is a major challenge for success to rebuild resilient city. Thus, future work needs 
to include the last step of bringing information gained from science into action. The 
scientific results are valueless if they do not transform into practical value. 
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